47 48 with an extremely poor prognosis. The pancreatic tumor microenvironment consists of cancer cells 49 and other tumor associated cells. Cross-talk between these different cell types through various 50 signaling molecules results in the development of a more aggressive and malignant phenotype. 51 Additionally, due to the highly dysregulated vasculature of tumors, the inner tumor core becomes 52 hypoxic and eventually necrotic. Therefore, there is a need for the development of a 53 physiologically relevant in vitro model that recapitulates these dynamic cell-cell interactions and 54 the 3-dimensional (3D) structure of pancreatic tumors.
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The authors declare that they have no conflicts of interest .   18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 Introduction: As one of the most aggressive cancers worldwide, pancreatic cancer is associated by TNF-α, leads to increased tumor cell proliferation through Snail and other EMT regulators (23, 138 24). Activation of the tumor suppressor gene p53 causes high mobility group box 1 (HMGB1) 139 release, leading to TNF-α release from neighboring immune cells, inducing NF-κB and Snail 140 activation (25, 26) . This leads to activation of CXCL1, which attracts myeloid cells towards the 141 tumor, further facilitating EMT (27) . Inhibition of NF-κB decreases EMT and proliferation rates 142 of CSCs (23). 143 Transforming growth factor-beta (TGF-β), an EMT regulator, recruits immune cells to the 144 tumor microenvironment, which then release pro-inflammatory cytokines, including tumor 145 necrosis factor-alpha (TNF-α). With TNF-α also increasing TGF-β levels, a positive feedback loop 146 is created (26, 28, 29) . However, the CSCs themselves efficiently regulate the inflammatory state 147 by releasing interleukin-8 (IL-8), MCP-1 and RANTES and bring about stromal cell proliferation 148 and inflammation (30). 149 We have developed a single cell (homocellular) and 3-in-1 heterocellular spheroid model 150 formed by self-association of Panc-1 human pancreatic adenocarcinoma cells, J774.A1 murine 151 macrophages and NIH/3T3 murine fibroblasts that better recapitulate the 3D component as well 152 as the cell-to-cell cross-talk in the microenvironment of avascularized tumors in early stages of 153 growth. They also mimic the hypoxic gradient from the periphery to the core of the tumor (31). 154 Therefore, they are crucial in helping gain a deeper insight into tumor biology as well as serve as 155 an efficacious platform for testing of anti-neoplastic agents, thereby providing higher odds of 156 success in in vivo testing of agents (32). 6 
160
The cell lines used in this study include the human pancreatic epithelioid carcinoma -Panc-161 1 cell line, the J774-A1 murine macrophage cell line and the NIH/3T3 murine fibroblast cell line.
162
All cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA). 
Establishment of homocellular and heterocellular 3D tumor spheroids 170
For the spheroid development, 96-well hanging drop plates from 3D-Biomatrix were used 171 to grow single cell (i.e., homocellular) and multiple cell (i.e., heterocellular) spheroids. The 172 spheroids were generated using 40μl of cell suspensions containing 20,000 cells in each well. For 173 the homocellular spheroids, 20,000 Panc-1 cells were seeded in each well. For the Panc-1: J774.A1 174 and for the Panc-1: NIH/3T3 heterocellular spheroids, a 40 µl mixture of 10,000 tumor cells and 175 10,000 immune/stromal cells were seeded in each well. For the Panc-1: J774.A1: NIH/3T3 176 spheroids, a cell suspension mixture containing a 1:1:1 ratio of cell numbers with a total of 20,000 177 cells per well were seeded. We cultured spheroids for 5 days post-seeding and harvested them for 178 downstream analyses. In order to maintain humidity in the spheroid plates, sterile 1X PBS was 179 added to the in-built reservoirs on the 3 rd day of growth.
180
To measure the size of these spheroids, they were washed with 1X PBS upon harvesting, 181 fixed with 4% Formalin and mounted on microscope depression slides (Fisher Scientific, PA) 182 using the Shandon Immu-Mount (Thermo Scientific, PA), and covered with a cover-slip. The Carl 184 software was then used to measure and record the diameter. 5μm optical slices of spheroids were 185 imaged through Z stacking on the confocal microscope and the total number of slices per spheroid 186 was determined. This information was then used to calculate and record spheroid depth. 
qPCR analysis of inflammatory, hypoxia and cancer stem cell signaling in spheroids 201
To assess the levels of various inflammatory, hypoxia and cancer stem cell markers, total 202 RNA from homocellular and heterocellular spheroids was extracted using the Quick-RNA™
203
MiniPrep RNA extraction kit (Zymo Research, CA). The NanoDrop (Thermo Scientific, 204 Willington, DE) was used to measure and record RNA concentrations. 1μg of total RNA were used 205 for cDNA synthesis using the Verso cDNA synthesis Kit (Thermo Scientific, PA).
206
RT-PCR was used for the evaluation of inflammatory markers: IL-8, TNF-α, TGF-β. The 208 as shown in table 1, were used in order to ensure specie specific amplification with β-actin as the 209 housekeeping control. The PCR products were run on a 2% Agarose E-Gel with SYBR Safe (Life 210 Technologies, NY). The ChemiDocTM XRS imaging system (Bio-Rad, Hercules, CA) was used 211 to image the bands. The intensity of the bands obtained for human IL-8, TNF-α and TGF-β were 212 expressed as a percentage of the human β-actin band intensity for the respective samples.
213
Similarly, the intensity of the bands obtained for the murine genes of IL-8, TNF-α and TGF-β were 214 expressed as a percentage of the murine β-actin band intensity for each sample.
215
To evaluate levels of hypoxia markers: LDH-A, HIF-1α, HIF-2α, and cancer stem cell 
Analysis of CD24+ and stem cell factor expression in spheroids 224
Spheroids harvested from hanging drop plates 5 days post-seeding were transferred to a 225 96-well Polystyrene assay plate (Corning Incorporated, NY) and 0.2ml Cell Staining buffer 226 (BioLegend, CA) was added to each well to prevent receptor internalization. This was followed 227 by fixation with 4% formalin. Spheroids were then washed twice with ice cold PBS, and blocking 228 was carried out using a 10% FBS in PBS solution at room temperature for 30 minutes.
229
Spheroids were incubated for 10 hours with FITC mouse anti-human CD24 (BD 230 Pharmingen, CA, catalog no. 55524, clone ML5) antibody or the rabbit polyclonal anti-human albumin, Fisher, PA) in 1X PBS. The SCF-stained spheroids were then incubated with a goat Anti-233 Rabbit IgG DyLite 594 conjugated highly cross adsorbed antibody diluted in 2% BSA in 1X PBS 234 for 2 hours. All spheroids were then washed, and incubated with Hoechst 33342 Dye (Life 235 Technologies, PA) to stain the nucleus, washed and imaged using the confocal microscope. facilitates increased susceptibility to cross-talk through cytokine signaling. Giant cells were 253 observed at the periphery of the spheroid. Since these were stained green, we hypothesize that TAMs, the trend seen in the spheroid models was not surprising (41). Highest levels of TNF-α at low levels of 4%, 2.5% and 5% in the Panc-1 homocellular spheroid, Panc-1:NIH/3T3 spheroid 280 and the 3-in-1 heterocellular spheroid respectively. Similarly, TGF-b has anti-tumorigenic effects 281 at the early stages of tumor growth but at latter stages promotes tumor cell proliferation, 282 desmoplasia and metastasis (42). Since TGF-b is produced by both tumor and stromal cells, the 283 trend seen across spheroid models in our PCR experiment agreed with expected results (43).
284
Highest levels of TGF-β (Figure 3 .c.) of 56% were observed in the Panc-1:NIH/3T3 spheroid 285 followed by 42% in the Panc-1 homocellular spheroid. It is interesting to note here that the Panc- Due to increased hypoxia and glycolytic metabolism due to the Warburg effect, there is an 302 associated low pH tumor microenvironment and an increase in HIF-2a expression (44). This 303 increased expression is associated with dense stroma and so we hypothesized that the fibroblast 304 containing spheroids may exhibit hypoxia like molecular feature. Indeed, qPCR analysis of HIF-305 2α level (Figure 4.b. ) reveals highest levels of 147% in the Panc-1:NIH/3T3 spheroid followed by 306 15% in the 3-in-1 heterocellular spheroid (45). Both results were found to be statistically 307 significant. Third highest HIF-2α levels were observed in the Panc-1:J774.A1 spheroid at 8.95%.
308
Levels in normoxic and hypoxic monolayers were 6.27% and 5.15% and at 4.34% in the Panc-1 309 homocellular spheroids. These results assert that the multicellular spheroids are able to recapitulate 310 the hypoxic microenvironment of a tumor, which is a hallmark property of cancer.
311
LDH-A levels were highest in the normoxic Panc-1 cells, as shown in Figure 4 .c., at 255%, 312 followed by 178% and 113% in hypoxic cells and the 3-in-1 heterocellular spheroid, respectively.
313
Although we would have expected to see highest levels of LDH-A in hypoxic Panc-1 cells, hypoxic 314 cells very quickly revert their phenotype to normoxic when exposed even briefly to oxygen. Since 315 these cells were withdrawn from the hypoxia chamber before processing PCR samples, the brief 316 exposure to oxygen may have obfuscated results seen in the monolayer samples (46). It is however 317 interesting to note that the highest levels among spheroids were seen in the densest 3-in-1 318 heterocellular spheroid. The Panc-1 homocellular spheroid, Panc-1:NIH/3T3 spheroid and Panc-319 1:J774.A1 spheroid expression was 71%, 22% and 19% respectively. All results were found to be 320 statistically significant. Binding of SCF to its ligand, c-kit, induces the up-regulation of HIF-1a 321 through activation of PI3K/Akt and Ras/MEK/ERK pathways (47). Highest levels of SCF, shown 322 in Figure 4 .d., of 20% were seen in the Panc-1:J774.A1 spheroid, followed by 10% in the 3-in-1 were seen in the Panc-1:NIH/3T3 spheroid at 2.2%. Differences between SCF expression levels in 325 the normoxic, hypoxic and homocellular spheroid were minimal and with no statistical 326 significance. It is extremely interesting to note that correlation between HIF-1a and SCF 327 expression across our models is suggestive of SCF induced HIF-1a upregulation. Immunostaining 
Conclusions

337
The hanging drop method was used to successfully and reproducibly generate all four self-338 aggregating spheroid models, which were then characterized for their morphology and size.
339
Pancreatic tumors are known to have a desmoplastic stroma, which not only provides structural 340 support for the tumor as well as nutrients for the tumor cell proliferation, but also obstructs 341 chemotherapeutics from reaching the tumor core. The random arrangement of cells in 3 in 1 342 heterocellular spheroids were indicative of proximity of each cell line with the other, and increased 343 cell-cell interaction, as seen in the tumor microenvironment. Additionally, this model has the 344 smallest diameter and depth, further supporting our argument for a stronger resemblance of 345 pancreatic tumor cells in their physiological state.
Although analysis of the inflammatory markers IL-8, TNF-a and TGF-b through PCR did 347 not reveal statistically significant differences across spheroid models, the trends in the expression 348 suggests that the microenvironment of these spheroids is conducive to desmoplasia, cell 349 proliferation, EMT and metastasis. cues. They are also resistant to the action of conventional chemotherapy and can self-renew.
358
Positive staining of CD24 and SCF surface markers through immunofluorescence is indicative of 359 the presence of CSC within these spheroid models. SCF levels being significantly higher in the 360 co-culture models, as evidenced in the PCR study, offer further support to the hypothesis that 361 cancer stem cell formation is largely dependent on microenvironmental cells and cross-talk.
362
This model has the potential to replicate the barrier to drug delivery seen in tumors.
363
Additionally, co-culturing of different cell types that form spheroids have shown significant effects 364 in altering tumor phenotypes and influencing CSC population growth, thereby re-enforcing the 365 need to develop robust and clinically relevant in vitro models for testing chemotherapeutic agents. 
